


energy d i s s ipa to r  at t h e  base o f  a spil l t ray i s  p a r t i c u l a r l y  su i t ed  t o  
i n s t a l l a t i o n s  where the t a i l  water i s  too deep fo r  a hydraulic jump 
apron, o r  where a bucket s t r uc tu r e  i s  preferable t o  a longer hydraulic 
jump s t i l l i n g  basin. Charts and curves are presented i n  dimensinnless 
form so  t h a t  a bucket may be designed fo r  most combinations of  d is-  
charge, height of fall ,  and t a i l  water range. The r e s u l t i n g  bucket 
w i l l  provide s e l f  cleaning ac t ion  t o  reduce abrasion erosion i n  t h e  
bucket arc ,  protection agains t  undermining of the  bucket and apron as 
a r e s u l t  of  scour, and good v e r t i c a l  d i s t r ibu t ion  o f  t h e  flow leaving 
t h e  bucket. The water surface  6ownstream from t h e  bucket may, f o r  the  
lower t a i l  water elevations,  be someuhat rougher than  des i rable ,  
however, miking it necessary t o  consider t h e  e f f e c t s  of  poss ible  
riverbank erosion. 

A schematic diagram o f  a spillway and s l o t t e d  bucket containin. 
de f i n i t i ons  of t he  important dimensions Is shown below: 
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bucket i s  given below: 

1. Determine Q, q (pe r  foot  width) , V 1  D l ;  compute Froude 
v1 

number from F =c fo r  maximurn flow and intermediate flows. I n  some 
~ " 1  

cases '11 may be estimated from Figure 25. 

2. Enter Figure 19  w i t h  F t o  f ind  bucket radius  parameter 
R 

~ 1 2  from which minimum allowable bucket radius  R may be computed. 
Dl + - 

2g 

R 

3. Enter Figure 21 w i t h  Tmin v12 and F t o  f i n d  - .  from which 
D l  + - 

2g D l  
minimum  ail water depth l i m i t  may be computed. 

4. Enter Figure 22 a s  in  Step 3 above t o  f i n d  maximum ta i l  
water depth l i m i t ,  Tmax. 

5. Make t r i a l  s e t t i n g  of bucket inver t  e l eva t ion  so t h a t  t a i l  
water curve e levat ions  a r e  between t a i l  water depth l i m i t s  determined 
by Tmin and Tmax. Check s e t t i n g  and determine f a c t o r  of  sa fe ty  
againsr, sweepout from Figure 24 using methods o f  S tep  3. Keep apron 
l i p  above r iverbed,  i f  possible.  

6 .  Complete design o f  bucket us ing Figure 1 t o  obtain t o o t h  
s i ze ,  spacing, dimensions, e t c  . 

7. The sample ca lcu la t ions  i n  Table V I I ,  page 48, may prove 
helpful  i n  analyzing a p a r t i c u l a r  problem. 

The procedures ou t l ined  above summarize t h e  main considerat ions 
i n  t h e  design o f  a s l o t t e d  bucket. Other considerat ions a r e  discussed 
i n  t h e  report ,  however, and t h e  e n t i r e  r epor t  should be read before 
attempting t o  use t h e  mater ia l  given above. 
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Foreword 

This report, Progress R e ~ o r t  11.1, i s  t h e  th i rd  i n  a ser ies  of  
I progress reports.on research subjects included under the  general t i t l e  of 

t h i s  report. Progress Report 11, ~ u b l i s h e d  a s  Hydraulic Laboratory Report 
Hyd-399 which superseded Progress R e ~ o r t  I, Hyd-380, contains 6 sections 
covering the  following subjects: 

on a Horizontal Apron (Basin I) 
Section 2--Sti l l ing Basin f o r  High Dam and Earth Dam 

I I ~ ? i l l w a ~ s  and Large -canal Structures 
 asin in 11) ' 

Section 3--Short S t i l l i n g  Basin f o r  Canal Structures,  
Small Outlet Works and Small Swil lwa~s 

I 
I - 

Section &--Sti l l ing Basin and Wave Suppressors f o r  
Canal Structures, Outlet Works and 
Diversion Dams  a as in I V )  

I 
Section 5--Sti l l ing Basin with Sloping Apron  a as in V) 
Section 6--Sti l l ing Basin fo r  Pipe o r  Open Channel 

Outlets--No T a i l  Water Required (Basin V I  ) 

I Section 7 i s  contained i n  t h i s  report  and covers Items 11 and 12 given 
i n  the  "Scope" of the research program as  or ig ina l ly  planned and given 
i n  *ogress Report TI. Other numbered items w i l l  be completed and 
reported i n  future progress repor% as time and funds permit. 

I 
The bucket t e s t s  described i n  t h i s  report  a r e  of recent or igin ,  

however, bucket t e s t s  i n  general have been made since about 1933. Some 

I I of the ear ly  t e s t s  were valuable i n  t h i s  study i n  t h a t  they helped t o  
point the way for  the  l a t e r  t e s t s  and eliminated cer ta in  bucket schemes 
from fur ther  consideration. These ear ly  t e s t s  were conducted by J, H. 

I Douma, C. W. Thorns, J. W. Ball ,  and J. N. Bradley. Later tests were 
made by R. C. Besel, E. J. Rusho, and J. N. Bradley under the  lclboratory 

1 direct ion of  J. E. Warnock. The f i n a l  t e s t a  t o  develop the  s l o t t e d  - bucket and generalize the  design were made by G. L. Beichley under the  
supervision of A. J. Peterka and J. N, Bradley and laboratory direct ion I - -  of H. M. Martin. Most of the  material  contained i n  t h i s  report  vas 
submitted as a thes i s  fo r  the  degree of  Master of Science, University of 

I Colorado, by G, L. Beichley. A l l  t e s t s  and analyses were conducted i n  
I - '  the  Bureau of Reclamation Hydraulic Laboratory, Denver, Colorado. This - - 

report was writ ten by A. J. Peterka. 

I 





t h e  spillway r e s u l t  i n  poor flow conditions, and ( e )  waves i n  the  
downstream channel would be a problem. 

Performance 

There a r e  two general types of r o l l e r  o r  submerged buckets ' for  
spillways; the  so l i d  type developed f o r  Grand Coulee Dam, Figure U, and 
t h e  s l o t t e d  type, developed fo r  Angostura Dam, Figure 1B. Both types a r e  
shown operating i n  Figure 2 and a r e  designed t o  operate submerged a t  a l l  
times with the  maximum t a i l  water elevation below t h e  c r e s t  of  the  
spillway. Both types a l so  require more t a i l  water depth ( ~ 2 )  than a 
hydraulic jump basin. 

The hydraulic action and the  resu l t ing  performance of the  two 
buckets a r e  qu i te  d i f fe ren t .  In the  so l i d  bucket the high velocity flow;, 
d i rected upward by the  bucket l i p ,  creates  a high b o i l  on the  water 
surface and a violent  ground r o l l e r  t h a t  deposits  loose material  from 
downstream a t  the  bucket l i p .  The constant motion of the  loose material  
agains t  t h e  concrete l i p  and the  f a c t  t h a t  unsymmetrical gate  operation 
can cause eddies t o  sweep material  i n to  t he  bucket may make t h i s  bucket 
undesirable i n  some ins ta l l a t ions .  In  t he  operation of t h e  s l o t t ed  
bucket both the  high b o i l  and violent  ground r o l l e r  a r e  reduced, r e su l t -  
ing i n  great ly  improved performance. Since only pa r t  of the  flow i s  
di rected upward t h e  b o i l  is  l e s s  pronounced. The pa r t  of the  flow 
directed downstream threugh the  s l o t s  spreads l a t e r a l l y  and i s  l i f t e d  
away from the  channel bottom by t he  apron extending downstream from t h e  
s l o t s .  Thus, the  flow i s  dispersed and d i s t r ibu ted  over a greater  a rea  
providing l e s s  v iolent  flow concentrations than occur with a so l i d  bucket. 

The t a i l  water range over which t he  buckets w i l l  operate 
s a t i s f a c t o r i l y  i s  l ess ,  however, with the  s l o t t ed  bucket than with t he  
so l i d  bucket. Sweepout occurs a t  a higher t a i l  water elevation with t he  
s l o t t e d  bucket, and i f  the  t a i l  water i s  too high, t he  flow dives from 
t h e  apron l i p  t o  scour the  channel bed a s  shown i n  Figure 3. With t he  
s o l i d  bucket, diving is  impossible except, perhaps i n  r a r e  cases. In  
general,  however, t he  s l o t t ed  bucket i s  an improvement over t he  so l i d  
type and w i l l  operate over a wide range of t a i l  water depths. 

S m D  BUCKET DEVELOPMENT TESTS 

General 

The basic dimensions f o r  t he  s l o t t ed  bucket were determined 
from t e s t s  made t o  adapt the  so l i d  bucket f o r  use at Angostura Dam. 





Bucket radius = IZ", Discharge ( q )  = 3 c.f.s., 
Tailwater depth = 2.3' 

PERFORMANCE OF SOLID AND SLOTTED BUCKETS 





-- 
No. Hyd-192 and i s  summarized i n  the  following p&agraphs, 

Ilevelopment from Sol id  Bucket 

The f i r e t  s tage i n  the development was t o  determine t h e  radius 
of bucket required t o  handle the  maximum design flow and t o  determine 
the required elevation of  the  bucket inver t  f o r  the  ex is t ing  ta i l  water 
conditions, Solid type buckets shown i n  Figure 4 were used i n  the  model 
t o  determine these approximate values s ince t h e  s lo t t ed  bucket had not 
yet been anticipated. The 100- and 63-foot radius buckets were found 
t o  be unnecessarily large f o r  a discharge of 1,010 second-feet per foot 
of width and a veloci ty  of about 75 fee t  per  second, The 42-foot radius 
bucket was found t o  be the-smallest bucket wbfch would provide 
sat isfactory perfomance. 

The ta i l  water depth was  not su f f i c i en t  f o r  good performance 
when the bucket inver t  was 45 f e e t  below t a i l  water elevation. Per- 
formance was b e t t e r  with the invert  69 f e e t  below t a i l  water elevation, 
but f o r  a l l  invert  elevations tea.t;ed a ground r o l l e r  occurred which 
moved bed material from downstream and deposited it against the bucket 
l i p .  

The second stage i n  the  development was t o  modify the bucket 
t o  prevent t he  p i l i n g  of bed material along the  l ip .  Tubes were placed 
i n  t h e  bucket l i p  through which j e t s  of water flowed t o  sweep away t h e  
loose matarial. Results were sat isfactory at lox discharges, but f o r  
the  higher flows t h e  loose material was p i l e d  deeply over t he  tube exits, 
v i r t u a l l y  closing them. J *  

Slots  i n  t h e  bucket l i p  were then used instead of l a rger  tubes. 
The s l o t s  were found t o  no% only keep the  bucket l i p  f r ee  o r  loose mate- 
r i a l ,  but a lso provided e x i t s  f o r  material t h a t  became trapped i n  t he  
bucket during unsymmetrical operation of t h e  spillway, 

I n  order t h a t  the  effectiveness of  t h e  bucket i n  diss ipat ing 
the  energy of spillway f lovs  be maintained, t h e  s l o t s  were made no l a rge r  
than necessary t o  prevent deposition a t  t h e  bucket l i p .  The first slots 
t e s t ed  were 1 foot 9 inches wide, spaced three  times t h a t  distance apar t .  
The s l o t  botto~ns were sloped upward on an 8" angle so tha t  the  emerging 
flow would not scour t h e  channel bottom, and were made tangent t o  t he  
bucket radius t o  prevent discontinuit ies i n  t h e  surface over which t h e  
flow passed. The spaces between the s l o t s  then became known as  t e e t h  
and were 5 f ee t  3 inches wide. Three tooth designs, shown i n  Figure  5, 
were tested.  







Tes t s  using Tooth Design I were encouraging. The energy 
d i s s i p a t i n g  ac t ion o f  the  bucket and t h e  el imination o f  p i l e d  mater ia l  
along the  bucket l i p  were both sa t i s fac to ry .  However, small eddies, 
formed by t h e  j e t s  leaving t h e  s l o t s ,  l i f t e d  loose gravel  t o  produce 
abras ive  ac t ion  oil t h e  downstream face of  t h e  t ee th .  Therefore, a 
s loping apron was i n s t a i l e d  downstream from t h e  t e e t h  t o  help  spread 
t h e  j e t s  from the  slots and a l s o  t o  keep loose mate r i a l  away from t h e  
t e e t h .  The apron was sloped upward s l i g h t l y  s teeper  than t h e  slope o f  
t h e  s l o t s ,  t o  provide b e t t e r  contact  with t h e  j e t s .  The apron was found 
t o  perform as  intended; however, t h e  bes t  degree o f  s lope  f o r  t h e  apron 
and t h e  shor tes t  poss ib le  apron length were not determined u n t i l  a f t e r  
t h e  too th  design and t h e  t o o t h  spacing were determined, 

Pressures observed on Tooth Design I at t h e  piezometer loca- 
t i o n s  shown i n  Figure 5 were, i n  general,  s a t i s f a c t o r y .  Undesirable 
subatmospheric pressures were found on t h e  downstream face,  however. 

The p r o f i l e  of Tooth Design 11, Figure 5, conformed t o  t h e  
rad ius  of the  bucket, el iminating t h e  d iscont inui ty  i n  t h e  flow passing 
over t h e  t ee th .  Energy w a s  d i s s ipa ted  nore r e a d i l y  and a smoother 
water  surface occurred downstream from t h e  bucket. Pressures were sub- 
atmospheric at seven locations,  t h e  majori ty o f  which were located  on 
t h e  downstream face. The Lecessary rcunding of t h e  edges of  t h e  t e e t h  
w a s  determined by t e s t i n g  model r a d i i  ranging from 0 . 1 t o  0.3 inch. 
The l a r g e r  radius (12.6 inches prototype) was found t o  be t h e  most 
des i rab le .  

Tooth Design 111, Figure 5, w a s  shaped t o  improve pressure 
condi t ions  on the  s i d e s  and downstream face  o f  t h e  t e e t h  and t h e  radius 
f o r  rounding and edges was increased t o  15 inches prototype. Subatmos- 
pher ic  pressures s t i l l  occurred on t h e  downstream face  at  Piezometers 3, 
4, and 5, but  the  subatmospheric pressures were above t h e  c r i t i c a l  
c a v i t a t i o n  range. 

Preliminary t e s t s  had shown t h a t  pressures on t h e  t e e t h  varied 
according t o  t h e  too th  syac ing  . The most favorable pressures  consis tent  
w i t h  good bucket performance occurred with Tooth Design 111, too th  width 
0.125R and spacing O.O5R a t  the'downstream end. Table I shows t h e  
pressures  i n  f e e t  of water a t  t h e  piezometers. 





Fressures on Tooth Design I11 
0.035R Spacing 

Piezometer: Pressure :Piezometer: Pressure 
No. : f t  o f  water: No. : ft of water . 
1 : +36 : 9 : +62 

2 : +27 : 10 +57 

3 : +30 : 11 : +?I . 
4 : +26 : 12 : +63 

5 : +14 : 13 : +21 
. .  

6 : +27 : 14 : +28 . 
7 : +39 : 15 : +40 

8 : +64 : 16 : +47 

: 17 : +58 

With 0.03'jR spacing the tee th  ahould be safe against  cavi ta t ion 
f o r  veloci t ies  well  over 100 f e e t  per second. However, f o r  small buckets 
the  openings between tee th  may be too s m a l l  f o r  easy construction and the  
s l o t s  may a l so  tend t o  clog with debris. I n  other respects the bucket 
performance w i t h  0.035R tooth spacing is satisfactory.  

Apron Downstream from Teeth 
, J 

The slope and length of the  apron downstream from theh,ri;deth were 
the  remaining bucket dimensions t o  be determined. Since the  apron served 
t o  spread the  j e t s  from the  s l o t s  and a l so  improved the  s t a b i l i t y  of the 
flow leaving the bucket, it w a s  important t h a t  'the apron character is t ics  
be investigated. 

A 16" upward s1op:ing apron was found t o  be most satisfactory.  
With a 12O slope the flow was unstable, intermit tent ly  diving from the  
end of the apron t o  scour the riverbed. Using a 20" slope the  spreading 
act ion of the flow w a s  counteracted t o  some degree by the  direct ional  
e f f ec t  of the steep apron. 

Two apron lengths, one 10 fee t  and one 20 feet, were tes ted  t o  
determine the minhum length required fo r  sat isfactory operation. The 



I 
- .  

spreadini ofs the  j e t s  and produce a uniform flow- leaq.ping the  apron. The 
20-foot apron on a 16' slope w a s  therefore adopted f o r  use. m 

Slot ted Bucket Performance 

The s lo t ted  bucket, shown i n  Figure 1, operated well  over the  
en t i re  range of discharge and t a i l  water conditions i n  the  sectional 
model, scale  1:42. The bucket was then rebui l t  t o  a scale  of  1:72 and 
tes ted  on a wide spillway where end e f f ec t s  on the bucket could a lso be 
observed and evaluated. ' I 

In  the 1:72 model minor changes were made before the  bucket was 
constructed and insta l led.  The bucket radius was changed from 42 f ee t  
t o  an even 40 fee t ,  and the bucket invert  was lowered from 69 t o  75 fee t  
below maximum t a i l  water elevation. Figure 6 shows t h e  1: 72 model in 

I 
operation with 2'1'7,000 second-feet (1,010 second-feet per foo t ) ,  erosion 
a f t e r  X) minutes of operation, and erosion a f t e r  1-1/2 hours of  operation I 

Performance was excellent i n  a l l  respects; wss b e t t e r  than for 
any of t he  so l id  buckets o r  other s lo t ted  buckets investigated. For a l l  
discharges the water surface was smoother and the  erosion of the  
-4  . r n  

u 
.rbed was less .  

1 c..---.. -9 C~ -++-A P....LIC n-*r?lopment Tests 

Reviewing the development of the  s lo t t ed  bucket th ree  factors  
were involved: (1)  the  radius of t h e  bucket and elevation of the  invert  
w i t h  respect t o  t a i l  water fo r  the  given flow conditions; (2 )  the  shaping 
and spacing of the teeth;  and (3)  the pi tch and length 09 apron downstrew 
froxi! t he  teeth.  A l l  t h r e e  factors  a re  important i n  obtaining the  desired 
energy dissipation,  a smooth water surface, and a minimum amount of 
r iver  channel erosion. Dimensions of the  bucket teeth ,  s lo t s ,  and apron 
a re  expressed i n  terms of t h e  bucket radius i n  Figure 1. 

GE~RALIZATION OF THE s m n  R T T P ~  

General 

I The t e s t s  made on the  Angostura bucket indicated t h a t  a sa t i s -  
factory design could be developed f o r  use at a par t icular  s i t e .  It was 

I 
also evident, however, t h a t  generalization of t h e  design would be desirabl rn 

so t h a t  bucket dimensions, proper elevation of  bucket with respect t o  
t a i l  water elevation, and the capacity of the  bucket could be determined 
for any ins ta l la t ion .  



Erosion after 
20 mlnutes  

Erosion after 
90 minu tes  



believed t o  be-satisfactory but before s t a r t i n g  the generalization t e s t s  
possible further improvements i n  the bucket t ee th  were investigated. 
When i t  was found t h a t  the  tooth s i r e  developed fo r  the  Angostura bucket 
provided best hydraulic performance, t e s t s  were then directed toward 

I 
generalization of the  design. 

Test Equipment 
. I 

An en t i r e ly  new sectional model was constructed and tes ted  i n  
Flume B, Figure 1 of Progress Report 11, and a l so  shown in  Figure 7 of 
t h i s  report. The flume was 43 f ee t  6 inches long and 24 inches wide. The 

' I 
head bay is 14  f ee t  deep while the  t a i l  bay is  6 fee t  3 inches deep and 
has a 4- by 13-foot glass window on one side. The discharge end of the  
flume was equipped w i t h  a motor driven t a i l ga t e ,  geared t o  slowly r a i s e  o r  
lower the t a i l  water so t h a t  continuous observations could be made. 

I 
The sect ional  spillway model was constructed t o  completely fill 

the  flume width, 24 inches, with an ogee c r e s t  a t  the top of a 0.7 slop- 

I 
ing spillway face. The bucket assembly was made eas i ly  detachable from 
the  spillway face, Four interchangeable buckets having r a d i i  of 6, 9, 
12, and 18 inches, constructed according t o  t he  dimension r a t i o s  shown 

I 
i n  Figure 1, were designed so t h a t  they could be ins ta l led  with the  
buckets inverts located 5 f ee t  below the  spillway c r e s t  and about 6 inches 
above the f loor  of the  flume, A l l  flow surfaces were constructed of 
galvanized sheet metal with smooth joints. The downstream channel w a s  

I 
a movable bed molded i n  pea gravel. The gravel analysis: 

Retained on 314-inch screen 6 percent 
1 

Retained on 3/8-inch screen 66 percent 
Retained on No. 4 screen 25 percent 
Retained on Pan 3 percent 

I 
Flow w a s  supplied t o  the  test flume through a 12-inch cen t r i -  

fugal pump and was measured by one of a bank of Venturi meters permanently 
ins ta l led  in  the leboratory. Additional water, beyond the  capacity of 

I 
t he  12-inch pump, was supplied by two vertical-type portable pumps 
equipped r i t h  two portable 8-inch orifice-Venturi meters. All Venturi 
meters were cal ibrated i n  the laboratory. Water surface elevations were 

I 
measured with hook gages mounted i n  transparent p l a s t i c  w e l l s .  I - 
Bucket Modifications Tested 

General. To determine whether p rac t i ca l  modifications could be 
made t o  improve t h e  performance of the Angosturn s lo t t ed  bucket the  
12-inch radius bucket, constructed according t o  the  recommended 

I 





t e s t  was t o  obtain data f o r  generalization and t o  es tab l i sh  a performance 
standard with which t o  compare the  modified buckets, a l l  t o  be made on 
the  12-inch radius bucket. 

To provide a standard bucltet t e s t ,  which w a s  necessary t o  
reduce t h e  amount of t e s t i ng  required on each bucket modification, t he  
12-inch Angostura bucket was thoroughly investigated. The bucket 
capacity was estimated t o  be about 6 second-feet. Best performance f o r  
t h i s  flow occurred with the  t a i l  water 2.3 f e e t  above the  bucket invert ,  
Figure 2B. These conditions were used f o r  the  standard bucket t e s t .  
Also, as par t  of the  standard t e a t  the  movable bed w a s  molded level ,  
Just  below the  bucket l i p ,  a t  the  start of a t e s t .  

I n  re tes t ing  the  Angostura bucket it was noted t h a t  muc,h of 
the  energy dissipation occurred, as a r e s u l t  of  the  spreading action 
downstream rather than in  the  ro l l i ng  action in the  bucket. Flow passed 
through and over t he  t ee th  t o  emerge at the mter surface some 3 o r  4 
f ee t  downstream from the bucket, Figure 2B, producing a b o i l  at t h i s  
point and waves on the  water surface downstream. I n  some inetal la t ione 
action of t h i s  type might be objectionable since bank erosion could occur 
o r  powerhouse operation could be affected. 

It was concluded from these t e s t s  t h a t  if improvements could be 
made i n  the  bucket performance, reduction i n  wave action i n  t he  downstream 
channel shodd  be given f i r s t  consideration since energy dissipation and 
bed erosion were en t i r e ly  satisfactory.  Four modifications of  the  bucket 
t ee th  were tested; the  bucket with tee th  removed was a l so  investigated. 
Also, a so l id  bucket was t es ted  t o  indicate t h e  r e l a t i ve  advantages of  
the  two types. Only a brief  description of these t e s t s  is given since 
none of t he  modifications a re  recommended f o r  general use. However, t o  
indicate the  scope of the  t e s t i ng  a summary of  these t e s t s  is given. 

Tooth Modification I. I n  t he  f i r s t  modification the  tee th  were 
extended i n  height from 45' t o  6 0 O  as  shown in Figure 8. The spacing 
of the  tee th  and the  shape and length of the  apron were not modified 
since these had been c,srefully determined in the ea r ly  development tests. 

In operation with t h e  standard t e s t  the  bucket performed much 
the  same a s  the  original .  The b o i l  occurred about 6 inches fa r ther  
upstream and was higher tkan f o r  the  Qngos%ura bucket. Waves were a l s o  
as high o r  higher, and since the sweepcut point was about t he  same no 
fur ther  t e s t i ng  was done. 

Tooth Modification 11. I n  both t h e  Angostura and modified 
buckets t es ted  it was noted that the  water surface d i r ec t ly  over the  



ANGOSTURA TYPE SLOTTED BUCKET SLOTTED BUCKET MODIFICATION I 

I*-------- 

SLOTTED BUCKET MO~IFICATION II SLOTTED BUCKET MODIFICATION m 

SLOTTED BUCKET MODIFICATION IX ANGOSTURA TYPE BUCKET 
WITHOUT TEETH 

Dimensions applicable to all designs- 
Bucket invert to downstream edge 

of structure' = 15.21': 
roach chute slope = 7: 10. 

tooth width = 1.5" and 
spoce between teeth = 0.72': 

SOLID BUCKET 

SLOTTED BUCKET MODIFICATIONS TESTED 
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t o  move t h e  b o i l  upstream d i r e c t l y  over t h e  bucket, consequently, t h e  
t e e t h  were extended i n  height  t o  an angle of go0, as shown i n  Figure 8. 
I t  was real ized t h a t  t h e  t e e t h  would be t o o  t a l l  t o  be s t r u c t u r a l l y  s t a b l e  
i n  any but a small bucket but  t h e  t r end  i n  performance was t h e  r e a l  
purpose i n  making t h e  test.  

Performance of t h i s  modified bucket was exce l l en t  f o r  t h e  
standard t e s t .  A l a rge  por t ion  o f  the  flow was turned d i r e c t l y  upward t o  
t h e  water surface where it r o l l e d  back in to  t h e  bucket. The t a i l  water 
depth d i r e c t l y  over t h e  bucket invert was about t h e  same a s  t h e  depth 
downstream. A s l i g h t  b o i l  could be detected over t h e  t e e t h ,  but it w a s  
not near ly  a s  great  a s  f o r  t h e  two previous s l o t t e d  buckets tes ted .  The 
flow passing between t h e  t e e t h  a l s o  provided f a i r l y  uniform d i s t r i b u t i o n  
of ve loc i ty  from t h e  channel bed t o  t h e  water su r face  i n  t h e  channel 
downstream. The water surface  was qu i t e  smooth and t h e  channel bed was 
not disturbed.  

The bucket a l s o  performed well f o r  high and low t a i l  water 
e levat ions .  The ta i l  water could be r a i s e d  t o  a higher  e levat ion than 
f o r  t h e  two previous buckets before t h e  flow p a t t e r n  changed t o  scour 
t h e  channel bed; and it could be lowered t o  a lower e leva t ion  before t h e  
flow was swept from bucket. Thus, t h e  range of  t a i l  water depths f o r  
which t h e  bucket operated s a t i s f a c t o r i l y  was increased. I 1 

The performance of  t h i s  bucket was very good i n  every respect;  
however, cav i t a t ion  could occur more read i ly  on t h e  surfaces  o f  t h e  t a l l  
t e e t h .  Cavitat ion pressurer  o r  t h e  p o s s i b i l i t y  o f  e l iminat ing such 
pressures  were not inves t igated  because t h e  t e e t h  were considered too 
high f o r  p r a c t i c a l  use on l a r g e  s t ruc tu res .  Therefore, t h i s  s l o t t e d  
bucket modification is suggested f o r  poss ib le  use with  small buckets 
where cav i t a t ion  pressures cannot occur, i.e., v e l o c i t i e s  near t h e  t e e t h  
be?.aw 50 f e e t  per  second. 

n 
Tooth Modification 111. In  t h e  t h i r d  modificat ion a tooth  

rad ius  half  t h a t  of  t h e  bucket radius was used, as shown i n  Figure 8, t o  
I 

curve -:he t e e t h  t o  a height  o f  90'. This modificat ion was made t o  
determine whether t h e  height  o f  t h e  t ee th ,  o r  t h e  w0 curvature o f  t h e  I 
t e e t h ,  provided t h e  improved performance. 

Tes ts  showed t h a t  t h e  shor te r  t e e t h  were not  e f fec t ive  i n  l i f t i n g  
flow t o  t h e  surface.  Flow passed over and through t h e  t e e t h  t o  form a 
high b o i l  downstream similar t o  t h e  first  modification. I n  addit ion,  
observation of t h e  flow pass ing over t h e  tops  o f  t h e  t e e t h  indicated t h a t  
c a v i t a t i o n  pressures were a l i k e l y  poss ib i l i ty .  Pressures were not 
inves t igated  since performance was not a s  good as f o r  t h e  Angostura 
s l o t t e d  bucket. 



as Modification 111, but the  tea tk ,were  placed on t h e  apron at t h e  down- 
stream end o f  t h e  bucket, a s  shown i n  Figure 8. It was an t i c ipa ted  t h a t .  
t h e  tee th ,  placed f a r t h e r  downstream and at a s l i g h t l y  higher elevation,  
would tu rn  a por t ion of t h e  flow d i r e c t l y  upward t o  t h e  water surface  as 
f o r  Modification 11. Performance tests showed t h a t  t h e  t e e t h  turned 
more of t h e  flow upward but t h e  performance was no b e t t e r  thap  f o r  t h e  
Angostura design. 

Angostura bucket w i t h  t e e t h  removed. The Angostura bucket 
without t e e t h  is shown i n  Figure 8. This  design was not expected t o  
perform as wel l  a s  t h e  s l o t t e d  Angostura bucket, but was t e s t e d  t o  
indicate  t h e  value o f  t h e  t e e t h  and s l o t s  i n  di .ssipat ing %he energy of 
t h e  spillway flow. Operation vas q u i t e  s a t i s f a c t o r y  f o r  flows o f  3 and 
4 second-feet but  performance was poor f o r  6 second-feet, For t h e  
higher flows of 5 t o  6 second-feet t h e  flow leaving t h e  bucket w a s  
unstable and t h e  water surface was rough. For a few seconds t h e  boil 
would be q u i t e  high then suddenly would become q u i t e  low. Erosion sf 
t h e  r iverbed w a s  negl ig ib le  f o r  a l l  flows, however, 

The tests without t e e t h  i n  t h e  bucket indicated t h a t  t h e  primary 
function o f  t h e  t e e t h  is t o  s t a b i l i z e  t h e  flow and reduce water surface  
f luc tua t ions  jn t h e  channel downstream. The t e s t s  a l s o  suggested t h e  
f a c t  t h a t  should t h e  t e e t h  i n  t h e  Angostura bucket d e t e r i o r a t e  over a 
period of time i n  a prototype s t ruc tu re ,  t h e  ill e f f e c t s  o f  t h e  deter io-  
r a t i o n  could be e a s i l y  observed and evaluated. Discharges up t o  about 
h a l f  maximum would be s a t i s f a c t o r y  wi th  t h e  t e e t h  gone. 

S o l i d  bucket. The s o l i d  bucket design, shown i n  Figure 8, was  
t e ~ t e d  t o  compare t h e  ac t ion with that of a s l o t t e d  bucket. Figure 2 
shows the  bucket performing under similar discharges and ta i l  water 
elevations.  For t h e  s o l i d  b u c ~ e t ,  a l l  o f  t h e  flow is d i r e c t e d  t o  t h e  
water  surface a shor t  distance downstream from t h e  bucket, r e s u l t i n g  i n  
a very high b o i l .  Part of  t h e  flow r o l l s  back i n t o  t h e  bucket while part 
continues on downstream. Since t h e r e  are no s l o t s  t o  provide flow 
cur ren t s  i n  a do-nstream d i rec t ion  under t h e  311, a v io len t  undercurrent 
flowing upstream, o r  ground r o l l e r ,  e x i s t s  at a11 times. It i s  t h e  
ground r o l l e r  t h a t  m v e s  gravel upstream and deposits  it at t h e  bucket 
l i p .  Currents passing over t h e  l i p  t h e n  pick up t h e  mater ia l  and move 
it downstream, r e s u l t i n g  i n  a cont inual  c i r c u l a t i o n  o f  bed material. The 
a c t i o n  i t s e l f  is harmless except t h a t  t h e  l i p  is exposed t o  abras ive  
a c t i o n  and wi th  unsymmetrical opera t ion o f  t h e  spillway ga tes  t h e  
mater ia l  is  o f t e n  swept in to  t h e  bucket. Once t h e  mater ia l  is i n  t h e  
bucket, it is trapped and causes eros ion of t h e  concrete su r faces  a s  it 
I s  moved about both l a t e r a l l y  and long i tud ina l ly  inside t h e  bucket arc .  
Therefwe,  a s o l i d  bucket, without s l o t s ,  has c e r t a i n  dised-+antages where 
loose material may be c a r r i e d  in to  t h e  buckst o r  where t h e  high b o i l  
might be object ionable.  



A lower t a i l  water elevation i s  required  t o  sweep t h e  flow ou t  of t h e  
bucket and t h e  flow could not be made t o  dive from t h e  bucket l i p  t o  
scour t h e  channel bed. However, i n  general,  t h e  s l o t t e d  bucket performed 
b e t t e r  than  t h e  s o l i d  bucket. 

Summary 

The Angostura bucket performed b e t t e r  than any o f  t h e  moZified 
forms o f  t h e  bucket except Tooth Modification 11. However, t h e  high 
t ee th  i n  Modification I1 were considered t o  be impractical  f o r  most 
prototype construction and t h e  p o s s i b i l i t y  of cav i t a t ion  at high 

' u 
v e l o c i t i e s  is  g rea t .  For small s t r u c t u r e s  the  r e l a t i v e l y  high t e e t h  
might be p r z c t i c a l  i n  which case t h e  use of  Tooth Modificatioil I1 should 
be considered. 

I 
The Angostura s l o t t e d  bucket with o r  without modifications, i n  

general, i s  considered t o  be super ior  i n  performance t o  t h e  s o l i d  bucket. 
The Angostura s l o t t e d  bucket a l so  provides more s t a b l e  flow and b e t t e r  
energy d i s s i p a t i o n  than did t h e  Angostura bucket with t e e t h  removed; how- 
ever, wi th  the  t e e t h  removed f a i r l y  good energy d i s s ipa t ion  occurred 
without d i s tu rb ing  t h e  channel bed. The Angostura s l o t t e d  bucket without 
modificat ion is,  therefore ,  recommended f o r  use on spil lway s t r u c t u r e s  

4 
where ta i l  water depths a r e  wi th in  t h e  l i m i t s  required  f o r  use  of  a 
bucket type  energy diss ipator .  

Determination o f  Radius and T a i l  Water Limits 1 
General 

The inves t igat ion t o  determine t h e  minimum bucket s i z e  and t a i l  
water l i m i t s  f o r  a range of s t r u c t u r e  s i zes ,  discharges, and o v e r f a l l  
height w a s  accomplished with the t e s t i n g  of  6 - ,  9-, 12-, and %inch 
radius buckets, t e s t e d  i n  t h a t  order.  I 

For each bucket i n s t a l l a t i o n ,  a range of discharges was passed 
over t h e  spillway. The head on t h e  spillway was measured and recorded. 
The r e l a t i o n  between head and discharge on t h e  spillway is shown i n  
Figure 9. For each discharge, the tai l  water depth was lowered slowly 

I 
u n t i l  t h e  flow swept out  of the  bucket,  a s  shown i n  Figure 10. Since 
the  bucket study did not include f l ip - type  buckets, t h e  depth at sweepout 
was considered too low f o r  proper performance o f  t h e  bucket. The t a i l  

,1 
water sweepout depth, measured above t h e  bucket inver t ,  was recorded i n  
Tables I11 t o  V I  and p lo t t ed  in  Figure  11. Figure 10 a l so  shows t h e  bucket 
opera t ing with t a i l  water depth j u s t  s a f e l y  above t h e  depth required f o r  

I 







DATA AND CALCULATED VALUES FOR 6-INCH RADIUS BUCKEX? 

Bed vas approximately O.05R below apron l i p  at beginning of each mr. 
: 1 2  3 4 5 6 7 8 9 

Sveepout Conditions 

l : ~  : 0.198: 0.274: 0.352: 0 .413:  0 .480:  0 .481 :  0.526: 0.581: 0.678 

2 :  T (sweepout depth) : 0.767 : 0.765 : 0.826 : 0.943 : 1.023 : 1 .0@1:  1.139 : 1.203 : 1.403 

3 :  P : 0.31 : O.5b : 0.81 : 1.03 : 1.30 : 1.30 : 1.50 : 1.75 : 2.25 

1( : %in : 0.967 : 0.965 : 1.026 : 1.143 : 1.223 : 1.281 : 1.339 : 1.403 : 1.603 
: v12 

5 : - X + - : 4.231 : 4.309 : 4.326 : 4.270 : 4.257 : 4.200 : 4.187 : 4.178 : 4.075 . 2g 

6 : V l  : 16.50 : 15.65 : 16.70 : 16.58 : 16.56 : 16.45 : 16.42 : 16.41 : 16.20 

7 : D l  : 0.019: 0.032: 0.048: 0 .062:  0.078: 0.079: 0.091: 0.107: 0.139 
"1 8 : F  . "mi : 21.2 : l 6 . g  : 13.36 : 11.72 : 10.42 : 10.31 : 9.50 : 8.85 : 7.65 

T P l i n  
9 :  Dl : 51.43 : 29.78 : 21.10 : 18.40 : 15.57 : 16.21 : 14.66 : 13.16 : 11.54 

v12 10 : D l  + - : 4.245 : 4.341 : 4.374 : 4.332 : 4.335 : 4.279 : 4.278 : 4.285 : 4.214 
26 

: R 
: 0.12 : 0.12 : 0.11 : 0.12 : 0.12 : 0.12 : 0.12 : 0.12 : 0.12 

Diving Flow Conditions 

12 : T (diving depth) : 2.565 : 2.576 : 2.435 : 2.464 : 2.439 : 2.397 : 2.043 : 2.200 : 2.213 

13 I Tmax : 2.065 : 2.076 : 1.335 : 1.964 : 1.939 : 1.897 : 1.543 : 1.700 : 1.713 
: v12 

14 : -  . 28 - X + H - Tmax I 2.133 I 2.198 I 2.417 I 2.449 I 2.541 I 2.5& I 2.983 I 2.881 I 2.965 

15 : V l  : 11.72 : 11.89 : 12.47 : 12.55 : 12.78 : 12.90 : 13.86 : 13.62 : 13.81 

16 : D l  : 0.026: 0.045: 0 . 6 5 :  0 .089:  0.102: 0.101: 0.108: 0.128: 0.163 

: v 1  17 : F =a :12.67 : 9.84 : 8.62 : 7.40 : 7.06 : 7.20 : 7.42 : 6.70 : 6.02 
: Tmax 18 : - 
+ D l  

: 77.92 : 45.72 : 29.76 : 21.62 : 19.06 : 18.82 : 14.26 : 13.23 : 10.51 
v12 19 : D l  + - 2g : 2.159: 2.243 . ,  2.486: 2.538: 2.643: 2.685: 2.983: 3.W: 3.128 

: R 
2 0 :  v12 : 0.23 : 0.22 : 0.20 : 0.20 : 0.19 : 0.19 : 0.17 : 0.17 : 0.16 

: D l + =  - 

R = bucket radius ( f t )  
H ;. height of reservoir  above the c re s t  ( f t )  
T = depth of t a i l  water above the bucket Invert ( f t )  

Tinin = minimum ta i l  water depth for  good performance ( f t )  = sweepout depth + 0.2 f t  
=max = maximum t a i l  water depth fo r  good performance ( f t )  = diving depth - 0.5 f t  

q = discharge per foot of model cres t  length ( c f s )  
X = heignt of c res t  above bucket invert  a 5 f ee t  

V 1  = velocity of flow entering the bucket computed a t  t a i l  vater  elevation ( f t l s ec )  
D l  E depth of f lov  entering the bucket computed at tail  water elevation (ft) 
F a Froude number of flow entering bucket computed a t  t a i l  water elevation 

Maxinum capacity of bucket estimated t o  be 1.5 t o  1.75 second-feet per foot of width. 
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performance o f  bucket when bed 
is approx. 0.05R below apron lip. 

T A I L W A T E R  D E P T H  ( T )  F E E T  

i 
BUCKET CAPACITY IN TABLE TEST BUCKET , 
CXS. PER FT. OF WiDTH D A T A  R A D I U S  BED ARRANGEMENT DESCRIPTION OF TEST D A T A  S Y M B O L S  
BEDAPPROX. B E D  SLOPES - 

No 
SYMBOLS (I?) lNCHES 

(R) INCHES 0 . 0 5 ~  BELOW UP FROM m o 6 Bed approx. 0.05R below apron lip. Tailwater swespout depth and Min.tailwater depth a t  which diving occured 
APRON L IP  APRON LIP IP o 9 Bed approx. 0 . 0 5 ~  below apron lip. Tailwater s~Geepout depth and Min. tailwater depth a t  which diving occured 

6 1.5 TO 1.75 - P n 12 Bed approx. 0.05R below apron lip. Tailwater sweepout deptn and Min. tailwater depth a t  which diving occured. 
9 2.0 TO 2.5 1.5 PI 0 18 Bed approx. 0.05R below apron lip. Tailwater sweepout depth 
12 3.25TO 3.5 2.0TO 2.5 

- Q 18 Bed approx. 0.05R below apron lip. Est. Min. tailwater depth fo r  satisfactory performance o f  the bucket  
18 5.0 TO 5.5 , 

L a 9 Bed opprox. 0.05R below apron lip. Est. Max. tailwoter depth f o r  satisfa$tory performance o f  the buc ket. 
A 12 T4d approx. 0.05R below apron lip. Est. Max. tailwater depth f o r  satisfactory performance o f  the bucket. 

IE 9 Bed sloped up f r om apron l ip. Min. ta i lwater  depth o t  which d i v i n g  occured. 
Y X 12 Bed sloped up f r om apron l ip .  Min. ta i lwater  depth at which d i v i n g  occured. 

T A I L W A T E R  L I M I T S  A N D  B U C K E T  C A P A C I T I E S  I 



t h e  sweepout w i l l ,  henceforth i n  t h i s  repor t ,  be ca l l ed  t he  lower o r  
minimum t a i l  water l i m i t .  

For each discharge t he  upper t a i l  water l im i t  was a l s o  invest i -  
gated, The ta i l  water was ra i sed  slowly u n t i l  t h e  flow dived from t h e  
apron l i p ,  as shown in  Figures 3 and 10c. When diving occurred a deep 
hole was scoured i n  t h e  channel bed near the  bucket, The ta i l  water 
depth f o r  diving, considered t o  be too  high f o r  proper performance 0% the  
bucket, was a l s o  recorded i n  Table I11 and p lo t t ed  i n  Figure 11. The 
t b i l  water depth t h a t  is jus t  sa fe ly  below the  depth required f o r  diving 
w i l l ,  henceforth, be ca l l ed  t he  upper o r  maximum t a i l  water l i m i t .  

Six-inch Radius Bucket 

Lower t a i l ' w a t e r  l i m i t .  A t  t h e  sweepout depth, t he  flow l e f t  
t h e  bucket i n  the  form of a j e t ,  Figure 10. The movable bed was qu ie t  
and undisturbed from the  bucket downstream t o  t h e  point  where t he  jet 
landed. The j e t  scoured t he  channel bed only a t  t h e  point  of  contact,  
and d id  not cause excessive water surface roughness downstream. A more 
undesirable flow pa t te rn  occurs jus t  before sweepout, however, when an 
unstable condit ion developed i n  the  bucket and i n  t he  channel causing 
excessive erosion and water surface roughness. It is t h i s  t r a n s i t i o n  
region which mkes  it undesirable t o  design a bucket f o r  both submerged 
and f l i p  act ion.  

A t  t h e  lower t a i l  water l i m i t ,  i.e., Jus t  above sweepout, t h e  
gravel  i n  t h e  movable bed began t o  move. The gravel  was not c a r r i ed  away 
from the  bucket, but ins tead was l i f t e d  and dropped by numerous small 
eddies t h a t  formed i n  t he  water between t he  main flow leaving t he  bucket 
and t h e  movable bed. The act ion was not considered des i rab le  nor 
p x t i c u l e r l y  objectionable. 

The lower t a i l  water l i m i t  appeared t o  be from 0.05 t o  0.15 of 
a foot  above t h e  sweepout depth. Only t h e  sweepout depth was recorded i n  
t h e  da ta  shown i n  Table I11 since it was a more d e f i n i t e  point  than t h e  
minimum low tail  water l i m i t .  A s a f e  lower l i m i t  was es tabl ished a t  t he  
conclusion o f  a l l  model t e s t i n g  by adding 0.2 of a foot  t o  t h e  sweepout 
t a i l  water depth. 

Upper t a i l  water l i m i t .  A t  the  t a i l  water depth required f o r  
d iving t o  occur, it was noted t h a t  a f t e r  3 o r  4 minutes i n  t h e  model t h e  
diving flow suddenly ceased and t h e  flow rose t o  the  surface as shown i n  
Figure 10. The changeover occurred only a f t e r  t h e  movable bed became 
suf f i c ien t ly  scoured t o  allow t h e  ground r o l l e r  t o  form and lift t h e  flow 
from t h e  apron l i p  t o  the  water surface. The ground r o l l e r  then wved 



became nearly l eve l  with the apron l i p .  A t  the  same time, t he  strength 
of  t he  undercurrent was reduced u n t i l  it was no longer capable of l i f t i n g  
t h e  flow t o  t he  water surface and the flow dived again t o  start another 
cycle which was repeated over and over. Very l i t t l e  bed material  was 
moved downstream out of reach of the ground r o l l e r  even a f t e r  several  
cycles. Five or  s i x  minutes were required f o r  one cycle. 

When the  flow was diving, the  water surface was very smooth; 
but,  when the  flow was directed toward the  surface a bo i l  formed and a 
rough downstream water surface was i n  evidence. In  t he  former case, par t  
of t he  energy was dissipated on the  channel bed, vh i l e  i n  the l a t t e r  case, 
energy was dissipated on the surface. 

Near the upper t a i l  water l i m i t ,  diving occurred in spurts not 
suf f ic ien t ly  long t o  move bed material. A s  the  depth approached t h a t  
required fo r  sustained periods of diving, the  momentary spurts occurred 
more often. In  the  t e s t  data recorded in  Table 111 and.plotted i n  
Figure 11, the upper l i m i t  was not recorded; inatead, the  t a i l  water 
depth tha t  caused suetained diving was recorded because it was a more 
de f in i t e  point. Ai; the  conclusion of ti11 model tes t ing ,  the  upper t a i l  
water l i m i t  was established by subtracting 0.5 foot from the  t a i l  water 
depth a t  which sustained diving occurred. This margin of Safety was 
suf f ic ien t  t o  prevent momentary diving i n  a l l  cases. 

The first tests showed t h a t  it was d i f f i c u l t  t o  get consistent 
r e su l t s  f o r  the  t a i l  water depth a t  which diving occurred. It was deter- 
mined tha t  the  upper t a i l  water l i m i t  was dependent a l so  upon the  shape 
charac te r i s t ics  of the channel bed, especial ly  its elevation downstream 
f r c m  the  bucket. Since with a movable bed it was d i f f i c u l t  t o  maintain 
the  same channel bed character is t ics  between one t e s t  run and another, 
the  gravel was removed from the  model completely i n  ant ic ipat ion t h a t  
t he  upper t a i l  va te r  l i m i t  could be determined by merely observing the  
flow patdi;ern . 

The g rave lvas  removed completely so t h a t  t h e  f loor  of the  
model, which was 6 inches below the  bucket invert, was the channel bed. 
With t h i s  arrangement there  was no upper l i m i t  since the  flow could not 
be made t o  dive from the  end of  t he  bucket fo r  any ta i l  water 
elevation, Figure 12. 

It was then decided t o  try a so l id  wood f loor  at the  elevation 
of the apron l i p  t o  r e p r ~ s e n t  the  channel be&. ??or t h i s  arrangement flow 
from t h e  bucket folloved along the so l id  bed then rose t o  the  surface 
downstream, a s  shorn i n  Figure 12. For t he  higher ta i l l ;ua te r  elevations 
the flow followed along the  so l id  f loor  f o r  a greater distance before 









D. q = 3.0 c.f.s. 

( Bed level 0.5-inch below apron lip a t  s ta r t  o f  test.) 
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occurred are recorded in    able IV and plotted in  ~ i g u r e  11 for  a range 
of flows tested with bed elevation approximately O,O5R, o r  0.5 inch, 
below the apron l ip .  For a given discharge the t a i l  water sweepout 
depth was not as low as fo r  the 6-inch bucket but the diving depth was 

I 
higher. 

The upper t a i l  water l i m i t  was again d i f f i c u l t  t o  determine 
eince diving occurred over a range of t a i l  water. However, a reasonably 
safe upper l i m i t  appeared t o  be approximately 0.5 of a foot below the 
average depth for diving t o  occur. The minimum safe l i m i t  appeared t o  
be from 0.05 t o  0.15 of a foot above t h e  sweepout depth. 

' I 
Upper and lower ta i l  water l i m i t s  were also determined with 

t h e  channel bed sloping 1.6" upvard f r o m  the apron l i p  t o  approximately 
6 inches above the l ip ,  since t h i s  type of ins ta l la t ion  w i l l  occur 

I 
frequently in  many instal la t ions.  Tests on t h i s  arrangement showed tha t  
sweepout occurred at the same depth but diving occurred with a much 
lower ta i l  water depth. Diving occurred a t  about the same tail  water 

I 
depth as for the 6-inch bucket v i t h  the level  bed just below the l ip .  
The maximum capacity of the  bucket did not change v i th  bed arrangement. 
Thus, the performance with the sloping bed w a s  nearly identical t o  the  

I 
performance with the  level  bed except that the  operating range between 
minfmum and maximum t a i l  water depth limits was greatly reduced because 
of the lower elevation at which diving occurred. 

H 
!twelve-inch Radius Bucket 

The performance characteristics of the 12-inch bucket were 
similar t o  those of the 6- and +inch buckets. Figure 16 shows the 
performance for  flows ranging from 5 t o  8 second-feet with normal t a i l  
water depth of 2.3 feet. Surface waves were greater than for  the 6- and 
g-inch buckets; Figure 15 may be used to  compare t>e  surface character is t ics  

I 
f o r  the  9- and 12-inch buckets. The m a x i m  capaci'ty of the bucket was 
estimated t o  be from 6.5 t o  7 secord-feet, o r  3.25 t o  3.5 second-feet 
per  foot of width. 

I 
Tail  water depths f o r  sweepout and diving with the bed level  

approximately O . O p ,  o r  0.6 of an inch, below the apron l i p  a re  recorded 
1 

i n  Table V and plotted in Figure 11. Again, as with the smaller buckets, 
it was d i f f i cu l t  t o  get consistent data for  the diving j e t  and t o  deter- 
mine the  exact margin of safety required for  establishing t h e  upper and 
l w e r  t a i l  water depth l i m i t s .  However, the safe margins appeared t o  be 

, I 
about the same as for  the  smaller buckets previously tested. I 

The t e s t s  were repeated wlth the bed sloping upward a t  16' t o  
about 6 inches above the l i p ;  again, the resul t s  were comparable to  those I 



DATA ANLl CALCWTED VALUES P(11 9-Il9CH RADNS BUCKET 

Run No. 
Bed was approximately O.05R below apron l i p  a t  beginning o r  each run Bed slopes up frcm a ron li 

: 1  2 : 3  : k  5 6 : 7  8 9 : 1 0 : 1 1 : : 1 3 : 1 ~ : 1 5 : 1 6 : 1 7 : l t l : P l g ~ 2 ~  

Sveewut Conditions 

R - bucket radius ( i t )  
H - height of reservoi r  above the c r e s t  ( i t )  
T - depth of t a i l  v a t e r  above the bucket invert ( i t )  

Tmin - minimum t a i l  water depth fo r  good performance ( i t )  = sveepout depth * 0.2 it 
T.ar msximrrm t a i l  va t e r  depth fo r  good performance (ft) - diving depth - 0.5 i+. 

p - discharge per foot of model c r e s t  length (cis) 
X - height of c res t  above bucket invert  - 5 fee t  

V 1  - s-elocity of i l o v  ent.ering the bucket computed a t  t a i l  water elevation (ft /sec) 
D l  3 depth of flow enter ing  the bucket computed at t a i l  n t e r  elevation (it) 
F - Froude number of f l ov  entering bucket cmputed a t  t a i l  vater elevation 

Maximum capacity of bucket estimated t o  be 2.0 t o  2.5 secord-feet per foot of width. 





DATA AND CALCULATED VALUES FOR 12-INCH RADIUS B U C W  

Run No. Bed was approximately 0.05R below apron l i p  a t  beginning of each run : Bcd slopes up from apron l i p  
: 1  2 3 4 5 6 7 8 Y : 1 0 : 1 1 : 1 2 : 1 3 : 1 4 : 1 > : 1 5  

Sweewut Condltions 

1 : H  : 0.543 : 0.592 : 0.637 : 0.679 : 0.729 : 0.765 : 0.811 : 0.850 : 0.887 : 0.961 : 1.02 : 1.221 : 0.565 : 0.651 : 0.723 : 0.839 

2 : T (sweepout depth) : 1.27 : 1.33 : 1.40 : 1.45 : 1.52 : 1.56 : 1.68 : 1.72 : 1.78 : 1.89 : 1.96 : 2.23 : 

R 
20 : ~ 1 2  : 0.78 : 0.72 : 0.68 : 0.67 : 0.6k : 0.62 : : 0.37 : 0.36 : 0.39 : 0.37 : 0.31 : 0.51 : 0.b3 : 0.34 : 0.32 

: D l + -  

R = bucket radius ( f t )  
H = height of reservoir above the crest ( I t )  
T = depth of t a i l  water above the bucket invert ( f t )  

Tmin - ninimum t a i l  water depth for goa. p e r f o ~ c e  ( f t )  - sweepout depth + 0.2 f t  
Tna% = maximum t a i l  vater depth for good performance ( f t )  - diving depth - 0.5 f t  

q - discharge per foot  of model crest  length (c fs )  
X = height of crest  above bucket invert = 5 feet  

V 1  - velocity o i  flow entering the bucket computed a t  t a i l  r a t e r  elevation (f t /aec) 
D l  = depth of flow entering the bucket computed a t  tai l  water elevation ( f t )  
P = Roude number of flow entering bucket computed a t  t a i l  ra te r  elevation 

Maximum capacity of bucket estimated t o  be 3.25 t o  3.50 secord-feet per foot of width. 



the  same as  t h e  upper l i m i t  f o r  t h e  9-inch bucket-with t h e  bed molded l e v e l  
below l i p  elevatio2.  These d s t a  a re  a l s o  given i n  Table V and p l o t t e d  i n  
Figure 11. The maximum capacity of the  12-inch bucket was considered t o  
be t h e  same with t h e  upward sloping bed as with t h e  l e v e l  bed. 

Eighteen-inch Radius Bucket 

The 5-foot-high model spi l lway with t h e  18-inch bucket repre- 
sented a r e l a t i v e l y  low s t ruc tu re  such as a d ivers ion dam spillway. 

The performance of  t h e  18-inch bucket i s  shown i n  Figure 27 f o r  
discharges ranging from 6 t o  11 second-feet with normal t a i l  water 
depths. The capacity of t h e  bucket w a s  estimated t o  be 5 t o  5.5 
second-feet per  foo t  of width. 

With t h e  movable bed molded l eve l ,  approximately 0.05R o r  0.9 
of  an inch below t h e  apron l i p ,  t e s t s  f o r  sweepout were made and t h e  
d a t a  obtained a r e  recorded i n  Table V I  and p lo t t ed  i n  Figure 22. Depths 
f o r  sweepout and diving were even more d i f f i c u l t  t o  determine p rec i se ly  
than f o r  t h e  smaller buckets. I n  f a c t ,  t h e  sus ta ined diving condit ion 
could not; be reached by r a i s i n g  t h e  t a i l  water a s  high as poss ib le  i n  
t h e  model f o r  any discharge. However, t h e  tendency t o  dive was present  
and momentary diving occurred, but  i n  no case was it sustained,  

The minimum tail water depth a t  which t h e  bucket operated 
s a t i s f a c t o r i l y  w a s  found t o  be 0.1 foot  above the  sweep~ut  depth, however, 
0.2 f a o t  was used, a s  for the other  buckets, t o  provide a f a c t o r  of safe ty .  

The maximum t a i l  water l i m i t  o r  t h e  maximum bucket capaci ty  
were not determined using t h e  sloping bed because o f  d i f f i c u l t i e s  i n  
maintaining t h e  bed shape while s t a r t i n g  a t e s t  run. Performance with 
t h e  sloping bed was, therefore ,  assumed t o  be consis tent  with t h e  t e s t  
r e s u l t s  on the  3- and 12-inch radius buckets. 

Larger and Smaller Buckets 

Larger buckets were not t e s t e d  with t h i s  5-foot spillway 
because of t h e  increas ing d i f f i c u l t i e s  i n  measuring bucket capaci ty  and 
t a i l  water depth l i m i t s  f o r  near capacity flows and because a l a rge r  
bucket operat ing a t  near maximurn t a i l  water depth l i m i t  would e i t h e r  
submerg~ the  c r e s t  o r ,  c lose ly ,  approech t h a t  condition. It was not 
intended a t  t h i s  time t o  inves t iga te  a bucket with a submerged c r e s t .  

Smaller buckets were not t e s t e d  because very f e w ,  i f  any, 
prototype s t ruc tu res  would use a bucket r ad ius  smaller  than one-tenth 





R = bucket radius  ( f t )  
H = height of r ese rvo i r  above the c r e s t  ( f t )  
T r: depth of t a i l  water above the  bucket i n v e r t  ( f t )  

Tmin = minimum ta i l  water depth f o r  good performance ( f t )  = sweepout depth + 0.2 f t  
Tm, = maximum t a i l  water depth f o r  good performance ( f t )  = diving depth - 0.5 f t  

q = discharge per foo t  o f  model c r e s t  length ( c f s )  
X = height of c r e s t  above bucket i n v e r t  = 5 f e e t  

V 1  = ve loc i ty  of flow en te r ing  the  bucket computed at  t a i l  water e leva t ion  ( f t / s e c )  
Dl = depth of flow en te r ing  the  bucket computed a t  t a i l  water e leva t ion  ( f t )  
F = Froude number of flow en te r ing  bucket computed at  t a i l  water e leva t ion  

Meximum capaci ty  of bucket estimated t o  be 5.0 t o  5.5 second-feet per  foot  of width. 



high s t ructures  where veloci t ies  a re  a lso high. Therefor%?, the  available 
da ta  were analyzed, and with some extrapolation, found t u  be sufficient.  

Data Analysis 

Safety factor.  A t  the  conclusion of t he  t e s t i n g  the  data fo r  
t h e  four buckets were surveyed and t he  margin of safety  between sweepout 
depth and minimum t a i l  water depth, and between maximum ta i l  water depth 
and the  depth required f o r  diving were def in i te ly  established. An ample 
margin of safety  fo r  the lower limit; was 0.2 foot  and fo r  the  upper l i m i t  
0.5 foot. These values were suf f ic ien t  fo r  both the leve l  snd sloping 
movable beds previously described. The selected margins of sa fe ty  a r e  
included i n  items Tmin and T- of Tables 111, I V ,  V, and V I .  

Evaluation of variables. To generalize the  data i n  such a way 
t h a t  it can readi ly  be used t o  determine the minimum allowable bucket 
radius "R," t h e  sa fe  minimum t a i l  water depth "Tmin " and the  sa fe  maxi- 
mum ta i l  water depth "Tmax9' f o r  any prototype overflow spillway whose 
c r e s t  is not submerged by the ta i l  water, it is necessary t o  consider t h e  
variables, shown in  Figure 18, t h e t  a f f ec t  the  unknown requirements. The 
maximum capacity of a given radius bucket is increased s l i g h t l y  when the  
ta i l  water depth is a t  an intermediate value between the minimum o r  
maximum ta i l  water depths, but since buckets a re  usually expected t o  
operate over a range of t a i l  water depths the bucket capacity is not a 
function of t a i l  water depth. 

The elevation of the  movable bed with respect t o  t h e  apron l i p  
and the  slope of the  sp i l l - ay  face do not, within ordinary l i m i t s ,  a f f ec t  
t h e  sweepout depth or  t he  s i ze  of bucket. Fr ic t iona l  resistance on the  
spillway face: a f fec t s  t he  minimum depth l i m i t ,  t h e  maximum depth l i m i t ,  
and the  minimum allowable bucket .radius since head losses caused by skin I:, 

f r i c t i o n  reduce the  e f fec t ive  height of  f a l l .  However, f r i c t i o n a l  
resistance is, primarily, a function of  head o r  discharge and the height 
o f  spillway above t a i l  water elevation; therefore, f r i c t i o n  e f fec t s  need 
not be considered a s  a separate variable. The e f f ec t  of f r i c t i o n  losses  
is discussed fur ther  i n  a following portion of t h i s  report. 

Data obtained during the  tests includes the sweepout and diving 
depths for  a given height of model spillway above ta i l  water elevation 
"h." The given slope of spillway is "S." Figure 11 shows t h a t  the 
sweepout depth is a function of the  radius of bucket "R" and the head on 
t h e  c r e s t  "H." "H" m y  a l so  be expressed i n  terms of discharge "q" per 
foot of  spi l lvay width; however, "q" and "H" a re  re la ted by the  discharge 
coeff ic ient  "c" i n  the  discharge eqrration 





Tmin = f ( h ,  S, R, !I and q) 

Figure 11 a l so  shows t h e  t a i l  water depth at which diving flow 
occurred t o  depend upon t h e  e levat ion of  t he  channel bed with res?ect  t o  
t h e  apron l ip ,  t h e  bucket radius,  and the head on t h e  c res t .  Therefore 

T,, = f ( h ,  S, R, H, q and e levat ion of channel bed i n  
r e l a t i on  t o  e levat ion of bucket 
apron l i p )  

The minimum allowable bucket radius  f o r  a given height of  model 
spil lway above t a i l  water elevation, w i t h  given slope of spillway, is  a 
function only of the  head on t he  c r e s t ,  Figure 11. Therefore, t h e  
minimum allowable bucket radius  Rmin  may be expressed: 

Ruin = flh, S, H and q) 

The veloci ty  enter ing t h e  bucket "vln and depth "Dln a r e  
functions of head, discharge, height of spillway above ta i l  water 
elevation,  and spillway slope. 

V1 and Dl = f (h ,  S, H and q) 

T h e  Froude number, a dimensionless parameter, is a function o f  ve loc i ty  
and depth of flow and may be expressed 

I? =& 

Subs t i tu t ing  F f o r  h, S, H and q 

. Tmin f (R, F) 

T,, = f(~, F, and elevation o f  channel bed with respect  t o  
apron l i p )  

Numerical values f o r  t he  Froude number were computed from t h e  
ava i l ab le  test da ta  i n  t he  t ab l e s  f o r  po in t s  at the  in te r sec t ion  of  t he  
spillway face and the  t a i l  water surface. A t  these  po in t s  a l l  necessary 



from the available t e s t  data which includes reservoir elevation, 
discharge, and t a i l  water elevation. Since the Froude number expresses a 
ra t io  of velocity t o  depth and  is dimensionless, a numerical value 
represents a prototype as well as a model fLoqr condition. 

I 
To express Tmin, T-, and R as dimensionless numbers so t h a t  

zhey may also represent prototype flow conditions, Tmin and Tmax were 
divided by Dl; R was divided by D l  + v12/2g, the depth of flow plus the 
velocity head at t a i l  water elevation on the spillway face. These 
dimensionless ra t ios  and the Froude number, computed from t e s t  data, are 
shown i n  Tables 111, I V ,  V, and V1. I n  computing the tabular values, 
f r ic t ional  resistance in  the 5-foot model w a s  considered t o  be negligible. 
In  Figure 19 the dimensionless r a t i o  fo r  the bucket radius is plotted 
against the Froude number, using only the t e s t  points bracketing the 
estimated maxhm bucket capecity. Values were computed f o r  both the 
sweepout and diving tail water elevations since the Proude number and 

R 

~1~ both vary w i t h  t a i l  water elevation. For example, the ma*imm 
D l  + - 

2& 
capacity of the 6-inch bucket i s  q = 1.5 t o  1.75 i n  coXumns 7 and 8 of 
Tabie 111; data from l ines  8 and il and l ines  17 and 20 were plotteci in 
Figure 19. The two points thus obtained for  each discharge were connected 
by a dashed line t o  indicate the trend f o r  constant discharge, Eight 
dashed l ines were thereby obtained f o r  the four buckets. A single 
envelope curve vas then drawn, shown as the so l id  l ine  t o  the  r ight  of the 
preliminary l ines,  t o  represent the  minimum radius bucket. The so l id  l i n e  
therefore includes a factor of safety. If a larger factor  of safety is 
desired, the so l id  curve may be moved t o  the right as far as  is 
considered necessary. 

.;. Since both the upper and lower depth l imi ts  are functions of 
Tmin %ax the bubket radius and the Froude number, - and - 
Dl Dl 

for  each t e s t  mint 
i~ Tables I11 through V I  were plotted versus the ~ G u d e  number i n  Figure 

R 

20, and each curve wao labeled with the  computed values of Di + ~1'. 
8a; 

Since the upper t a i l  weter depth l imi t  varied w i t h  shape and elevation of 
the movable bed, twa se t s  of upper t a i l  water derfh dimensionless r a t ios  
were piotted, one for each of the two bed elevations tested. The curves 
dram through these points in Figure 20 ma3 be used t o  determine minimum 
and maximum ta i l  water depth l imits  f o r  any given Froude number and 
bucket radius. 



MINIMUM ALLOI ' IABLE  R 
D , t ~ , ~ / z g  

EXPLANATION 
o For bucket radius (R) = 6 inches 
o For bucket radius (R) = 9 inches 
a For bucket radius (R) = 12 inches 
O For bucket radius (R) =I8 inches 
Bed level approximately 0.05R below 

lip o f  apron. 

M i N i M U M  A L L O W A B L E  B U C K E T  R A D I U S  



4 5 6 7  

F o r  any posi t ion o f  the b e d  Min. to i lwater  

For any posit ion o f  t h e b e d  
Max. ta i lwater  depth limit 
Mnx. to i lwater  depth l imi t  
Max. to i lwater  depth l imit  

ES3 PLOT OF MAXIMUM AND MINIMUM TAILWATER DEPTH LIMITS 

44 



ta i l  water condit ion and apply t o  any bed arrangement. The t e n  lower 
curves extending f a r  t o  t h e  r i g h t  a ~ p l y  t o  t h e  maximum t a i l  water l imi ta-  
xion and have two s e t s  of  labels ,  one f o r  t h e  sloping bed and one f o r  t h e  

R 

l e v e l  bed. Two curves a r e  shown f o r  each value of D~ + 2; V 1  the upper 
2g 

o r  s o l i d  l i n e  curve has an e x t r a  f a c t o r  of s a f e t y  included while t h e  
lower o r  dashed l i n e  curve i s  according t o  t h e  da ta  i n  Tables I1 through 
IV . 

P-lthough t h e  curves of Figure 20 may be used a s  shown, a simpler 
and e a s i e r  t o  use version o f  t h e  same da ta  i s  given i n  Figures 21 ar?d 22. 

Tmin 
Figure 21 contains a family of  curves t o  determine - 

D l  
values i n  terms 

R 

o f  t h e  Frouds number and v12. Figure 22 contains s imi la r  c~lr-ves t o  Dl + - 
2& 

Tma determine - 
D l  

and includes t h e  e x t r a  f a c t o r  of  s a f e t y  discussed f o r  

Figure 22. The two abscissa  sca les  i n  Figure 22 d i f f e r e n t i a t e  between t h e  
standard sloping bed and t h e  standard l e v e l  bed used i n  t h e  t e s t s .  
Figures 21 and 22 were obtained by cross-plot t ing  t h e  curves of Figure 20. 

The ta3. l  water sweepout depth "T" i n  Tables I11 through V I  was 
Ts 

a l s o  expressed a s  a d i~ lens ion less  r a t i o  - and p l o t t e d  versus t h e  Froude 
D l  

number i n  Figure 23, and a curve f o r  each bucket s i z e  w a s  drawn. These 
curves were then cross-plot ted  i n  Figure 24 t o  provide a simple means 
f o r  determining t h e  sweepout depth f o r  any i n s t a l l a t i o n .  The di f ference  
between sweepout depth and t h e  depth a c t u a l l y  encountered ind ica tes  t h e  
margin of  safe ty .  

P r a c t i c a l  Applications 

To i l l u s t r a t e  t h e  use of  t h e  methods and c h a r t s  given i n  t h i s  
repor t ,  a s t e p  by s t e p  procedure f o r  designing a s l o t t e d  bucket i s  
presented. The d a t a  f o r  Grand Coulee Dam spil lway w i l l  be used a s  an 
example. The ca lcu la t ions  a r e  summarized i n  Table VII. 

For maximum reservoir  e levat ion 1290 a t  Grand Coulee Dam t h e  
spillway discharge i s  935,000 second-feet. Since t h e  spillway c r e s t  is  
a t  e levat ion 1260 t h e  head i s  30 f e e t .  The length o f  t h e  c r e s t  i s  1,485 
feet; making t h e  discharge pe r  foot  of  bucket width 630 second-feet. The 
tail water i n  t h e  r i v e r  is  expected t o  be at e levat ion 1009 f o r  t h e  



* 

For values o f  "F" greater 
I I I - 

than I0 use Figure 20, i 
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Note: Bed arrangement not cri t ical  f o r  sweepout condition 

TAILWATER DEPTH AT SWEEPOUT 



T A I L W A T E R  S W E E P O U T  D E P T H  



: Grand : : Misoouri 
: Angostura : Angostura : Angostura : Angostura : Coulee : Trenton : Diversion - - 

: Dam : Dam : Dam : Dam : Dam : D m  

l : Q  : 247,000 : 180,000 : lWJOOO : 40,000 : 935,000 : 133,000 : 90,000 

2 : Reservoir elevation : 3198.1 : 3191.0 : 3181.5 : 3170.4 : 1290 : 2785 : 2043.4 

3 : Crest elevation 

4 : H  

6 : q  i 901 1 657 : 355 : 146 : 630 : 500 : 140 

7 : Tai l  water elevation : 311L : 3106 : 3095 : 308b : low : 2700.5 : 2018.3 
: v12 

fj : - ( theore t ica l )  ( 2 )  - ( 7 )  84.1 1 85.0 ' 5  I &.J& I 281 : 84.4 : 25.1 . 2g . / 
9 : V l  ( thcore t lca l )  : 73.6 : 74 : 75 : 75 : 130.5 : 73.7 : 40.2 

: i 1 "1 ac tua l )  
; P- 

: 0.98 : . 0.98 : j 0.97 : 0.93 : 0.91 : 0.90 : 0.98 
- ,  

11 : V l  ( ac tua l )  : 72.2 : 72.5 : 72.8 : 59.8 : 118.8 : 66.0 : 39.4 
: v12 

12 . - (ac tua l )  : 80.4 : 81.6 : 82.3 : 75.6 : 219.2 : 67.6 : 24.1 : 2g 
13 : D l  : 12.48 : 9.C6 : 5.01, : 2.09 : 5.30 : 7.58 : 3.55 

14 : 3.53 : 3 . 0 0 :  2 . 2 4 :  1.45 : 2.30:  2 .75 :  1.88 
: v1 

15 i F : 3 . 6 1 :  4 . 2 6 :  5 . 7 3 :  8 . 4 9 :  9 .11 :  4 .23 :  3.70 

l j  I Dl + v12* 
3 

: 93.38 : 90.66 : 87.31 : 77.69 : 224.50 : 75.18 : 27.65 

17 : 17 : 0 . 5 0 :  0.43 : 0 . 3 C :  0.15 : 0.13:  0 . 4 3 :  0.48 
- L 2 ( a i n i ~ i m )  

p = t o t a l  discharge ( c f s )  Line 10 from Figure 25 
L = bucket vidth ( f t )  Line 17 from Figure 19 
q = discharge per foot of bucket vidth ( c f s )  Line 22 from Figure 21 
H = height of reservoir above crest  ( f t )  Line 24 frou Figure 22 

V 1  velocity of f lov entering the bucket computed a t  t a i l  vater  elevation ( f t / s e c )  Line 26 from Figure 24 
D l  = depth of flow entering the bucket computed a t  t a i l  water elevation ( f t )  
F I Froud.'nunber of f lov entering bucket computed a t  t a i l  vater elevation 
R :. bucket radius ( f t )  

Tmin I minimum t a i l  vater depth li.-,it ( f t )  
T a u  = maximum t a i l  vater depth lbit ( f t )  

Ts = t a i l  vater sweepout depth ( f t )  



water elevation on the spillway face is the difference between t a i l  
water elevation and reservoir  elevation o r  281 fee t .  Then, theoret i -  
cal ly ,  the  veloci t  d?-3 ," entering the  t a i l  water i s  130.5 f ee t  per 
second; V 1  .r . 2g h + H . 

The actual  velocity and velocity head a re  l e s s  than theore t ica l  
at t h i s  point, however, due t o  f r i c t i o n a l  r e s i s t a c e  on the  spillway 
face. Using Figure 25, the  actual  ve:,.ocity i s  found t o  be 91 percent o f  
theoret ical .  Figure 25 was prepared t o  reduce the  computation work on 
the  preliminary design of  over fa l l  spillways and is believed t o  be 
reasonably accurate. However, only a limited amount of prototype data 
vas avai lable  t o  develop thus chart so that the  data obtained from t he  
chart  should be used with caution. Entering Figure 25 with the  height 
of f a l l  of 281 f ee t  a s  the  ordinate, and in tersect ing the  curve f o r  30 
f e e t  of head on the c res t ,  the  abscissa i s  found t o  be 0.91. Therefore, 
t h e  ac tua l  velocity i n  t h i s  example is  91 percent of 130.5 o r  118.8 
f e e t  per second and the  corresponding velocity head i s  219.2 feet .  The 

corresponding depth of flow ljl on t h e  spillway face i s  or 5.3 feet .  

Having determined D l  and V 1 ,  the  l?rou.de number, F 
vlvl =mp is  computed t o  

be 9.11. 

Entering F i v e  19 with Froude number 9-11, t he  dimensionless 
r a t i o  of the  minimum usable bucket radius is found t o  be O.L3 from the 
so l id  l i n e  envelope curve. The minimum allowable bucket radius is then 
computed t o  be 29 feet .  I n  round numbers a 30-foot bucket radius would 
probably be used. For the 30-foot radius t he  bucket ~ a d i u s  dimensionless 
r a t i o  would remain 0.13. Entering Figure 21 with t h e  bucket radius 

Tmin dimensionless r a t i o  and the  Froude number, - is  found t o  be 13.8. The 
"1 

minimum t a i l  water depth l imi t  is  then 73 fee t ,  measured from the  bucket 
invert  t o  t h e  t a i l  water surface elevation. Entering Figure 22 with t h e  

~ m a x  dimensionless r a t i o  of the  bucket radius and t h e  Irou&e number, - f o r  
"1 

bed elevation belov the  apron l i p  i s  found t o  be 18.8. The .maxim t a i l  
water depth l imit  ' i s  then 100 feet .  

The riverbed at Grand Coulee Dam is  at elevation 900, approxi- 
mately. I f ' t h e  bucket inver t  is placed a t  riverbed elevation the t a i l  
water depth would be 109 f ee t  which exceeds the  upper l i m i t  of 100 fee t .  
Therefore, the  bucket should be s e t  above the  riverbed ;SO t h a t  the  t a i l  
water dept,h Z m  the  bucket invert  w i l l  be between 73 and 100 feet .  

The bucket would then perform ae s h m  i n  Figures 12A o r  B. 
~erfoxm8ni:e similar t o  Figure 12. woula be preferred but t he  performance 





I 
shown i n  Figure 128 would be acceptable. Performance similar t o  t h a t  i n  
Figure 128 w i l l  occur i f  the  bucket inver t  i s  placed so t h a t  the  t a i l  
water depth is  close t o  t he  lower l imit .  A t a i l  water azpth of between 

To determine the sweepout depth enter Figure 24 with the  

E the  bucket at the maxinnun discharge. Therefore, the  bucket inver t  
should be s e t  t o  provide about 75 f ee t  of t a i l  water depth. 

Another solution fo r  t h e  Grand Coulee e3~ample presented here 
would be t o  use a larger  radius bucket i f  fo r  some reaeon t h e  bucket 
could not be elevated. A larger  usable range of t a i l  water w i l l  a lso  be 
obtained. For example, instead of using %he minimum 30-foot radius 
bucket. trv a 50-foot radius bucket. The bucket radius dimensionless 

t a i l  water depth l i m i t  dimensionless r a t i o  i s  15, and from Figure 22 the  
maximum ta i l  water depth l i m i t  dimensionless r a t i o  is  33. The lower t a i l  
water depth lhit is therefore 80 f e e t  and the upper l imi t  175 feet .  

m 
If the  invert  of the  bucket is placed a t  riverbed elevation 900, 

limits. However, if the bucket inver t  was placed below riverbed and t h e  
bed was sloped upvard from the apron, the  dimenoionless r a t i o  of the  
maxlmum t a i l  water depth l imi t  would be approximately 19 as found i n  
Figure 22. Tile upper depth l i m i t  therefore would be only 100 fee t .  The 
t a i l  water depth would be greater than 109, therefore, r iverbed scouring 
would probably occur a s  a resu l t  of diving flow. 

I 
I 

Before s d o ~ t i n a  e i ther  o f  t he  buckets discussed, intermediate I 

t a i l  water correspanding t o  the  discharge Just  before it m a  increased I 

the-buckit design maybe completed from the  data i n  Figure 1. I 
The investigation of p a r t i a l  discharges is shown i n  Table V I I  

f o r  the  Angostura Dam spillway where the  bucket actual ly  determined from 
model tests i s  shown, using the methods and curves i n  t h i s  report, t o  be 

I 
undersized fo r  the  m a x i m  discharge, correct  fo r  three-fourths maximum, 
and oversized for e m i l e r  discharges. 



The fac t  t h a t  the methods of t h i e  report show t h e  need for  a 
larger  bucket than was b u i l t  f o r  Angostura indicates t h a t  a factor  of 
sa fe ty  is included i n  the charts i n  t h i s  report .  This is a desirable 
feature  when hydraulic mde l  studie6 a re  not contemplated. On the other 
hand, hydraulic model studies make it posaible t o  explore regions of 
uncertainty i n  any par t icular  case and help t o  provide the  minimum 
bucket s i z e  consistent with acceptable performance. 

Other examples i n  Table VII include an analyeis using the data 
f o r  Trenton Dam spillway. This apillway u t i l i z e s  a long f l a t  chute 
upstream iron the  energy diss ipator .  Fr ic t ion losses are considerably 
higher than would occur on the s teep spillways for  which Figare 24 was 
drawn and other means muet be used t o  obtain V 1  and D l  f o r  the  bucket 
design. In  the  e x q l e  i n  Table V I I ,  ac tual  velocity measurements taken 
fmm a model were used. I f  f r i c t i o n a l  resistance i s  neglected i n  t h e  
veloci ty  computatione, the minimum t a i l  ua te r  l imit  would be higher, 
providing a greater factor of' safe ty  againet sweepout, but the  maximum 
t a i l  water l i m i t  would a lso be higher which reduces t h e  fac tor  of safety  
against  flow diving. 

Ta i l  water requirements fo r  bucket versus hydtaulic Jq. In 
general, a bucket-type diss ipator  requires a greater depth of t a l l  water 
than a a t i l l i n g  basin u t i l i z ing  t h e  hydraulic Jutup. T h i ~  i s  i l l u s t r a t ed  
i n  Table VIII where pertinent da ta  from Table V I I  i s  summarized t o  compare 
the  minimum t a i l  water depth necessary for  a minimum radius  bucket with 
t he  computed conjugate t a i l  water depth for  a hydraulic jump. Line 6 
shows Tmin for  t he  buckets worked out i n  the  section "Pract ical  Applica- 
tions." Line 7 shows the conjugate t a i l  water depth required f o r  a 
hydraulic jump for the same Pmude number and D l  determined from the 

equation 3 = 1.12 =- 1). 
Dl 

Table VIII - 
COMPARISON OF TAIL WATW DEPTHS REQUIRED FOR BUCKET AND HYDRAULIC JUMP 

. 

'2 

1 :Q in thousands:247 :180 :I00 : 40 :935 :935 :133 :W 
: c f s  

2 :VI f t / sec  : 72 : 72 : 73 : 70 :119 : 119 : 66 :39 






